Strategies for the Analysis of Poly(Methacrylic Acid) by Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry  by Wyatt, Mark F. et al.
APPLICATION NOTE
Strategies for the Analysis of Poly(Methacrylic
Acid) by Matrix-Assisted Laser Desorption/
Ionization Time-of-Flight Mass Spectrometry
Mark F. Wyatt,a Nicolas Schaeffer,b Bien Tan,b and Andrew I. Cooperb
a EPSRC National Mass Spectrometry Service Centre (NMSSC), School of Medicine, Swansea University,
Swansea, United Kingdom
b Department of Chemistry, University of Liverpool, Liverpool, United Kingdom
We evaluated several aqueous-based sample preparation protocols for the analysis of
poly(methacrylic acid) (PMAA) by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOFMS). The sample contained a pentaerythritol tetra(3-
mercaptopropionate) end-group, and was characterized in positive and negative ion modes
using 2,5-dihydroxybenzoic acid (DHB) and 2,4,6-trihydroxyacetophenone (THAP) matrices.
The major series observed were the [MNa] species, in positive ion mode, and the [MH]
species, in negative ion mode. The performance of DHB and THAP matrices was comparable
in positive ion mode, but THAP outperformed DHB in negative ion mode. The use of
ion-exchange beads (IXB) benefited the analysis, while the addition of sodium acetate (NaOAc)
or trifluoroacetic acid (TFA) proved disadvantageous in positive ion mode. (J Am Soc Mass
Spectrom 2007, 18, 1507–1510) © 2007 American Society for Mass SpectrometryAlthough matrix-assisted laser desorption/ionization time-of-flight mass spectrometry(MALDI-TOFMS) has been utilized predomi-
nately within the life sciences, there has been consid-
erable use of this technique for the characterization of
synthetic polymers. The large body of work in this
area has been the subject of several reviews [1–3].
However, there are few examples of the characterization
of poly(methacrylic acid) (PMAA) homopolymers by
MALDI-TOFMS in the literature. The analytical protocols
used in positive ion mode are 2,5-dihydroxybenzoic
acid (DHB) matrix in methanol [4] or DHB and sodium
trifluoroacetate in acetone [5]. Sinapinic acid in metha-
nol (MeOH) or water (H2O) has been used in negative
ion mode [6]. Consistent throughout these data are very
poor signal-to-noise ratios and non-isotopic resolution
of the observed species.
The current investigation is concerned with the anal-
ysis of a low molecular weight PMAA sample contain-
ing a pentaerythritol tetra(3-mercaptopropionate) end
group (PTMP-PMAA), shown in Figure 1, by MALDI-
TOFMS. This polymer and similar ligands have been
used as a ligand in the size-controlled synthesis of gold
nanoparticles, which are only soluble in water [7, 8].
The goal of the study was to establish aqueous-based
sample preparation protocols that would provide data
with improved signal-to-noise ratios and resolution
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subsequently be used for the characterization of the
PMAA-coated gold nanoparticles [8].
Experimental
DHB and 2,4,6-trihydroxyacetophenone (THAP) matri-
ces, and trifluoroacetic acid (TFA), were purchased
from Fluka (Dorset, UK). Dowex 50W-X8, 200 m,
ion-exchange beads (IXB), di-ammonium hydrogen ci-
trate (DAC), sodium acetate (NaOAc), and ammonium
acetate were purchased from Sigma-Aldrich (Dorset,
UK). IXB were loaded with NH4
 ions as reported
previously [9]. HPLC grade acetonitrile (MeCN) and
MeOH, both purchased from Fisher Scientific (Lough-
borough, UK), and Milli-Q H2O (Watford, UK) were
used where appropriate. PTMP-PMAA (Mn  1900 g
mol1 and Mw  2240 g mol
1 by GPC) was synthe-
sized as reported elsewhere [8].
DHB and THAP matrix solutions were made to a
concentration of 10 mg mL1 in 1:1 (vol/vol) H2O/
MeCN. DHB solution was also made to the same
concentration in MeOH. Aqueous matrix solutions
were mixed with DAC solution (50 mg mL1 in H2O) in
a 9:1 ratio. PTMP-PMAA solution was made to a
concentration of 10 mg mL1 in MeOH, and mixed with
the matrix solutions in a 5 L:50 L ratio. One L of
NaOAc solution (10 mg mL1 in MeOH) or 100% TFA
was added as required. For IXB preparations, 0.5 mg
of NH4
-loaded IXB was added to 200 L of the PTMP-
PMAA solution, which was agitated by vortex mixer (at
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1508 WYATT ET AL. J Am Soc Mass Spectrom 2007, 18, 1507–1510slow speed) for 20 s, before mixing with matrix; 0.5 L
of the final mixture was spotted onto a stainless steel
sample plate and dried in a stream of cool air.
MALDI-TOFMS data were acquired using an Ap-
plied Biosystems Voyager DE-STR spectrometer (Fra-
mingham, MA), which is equipped with a nitrogen
laser (  337 nm). The instrument was operated in
positive or negative ion reflectron mode. The accelerat-
ing voltage was 20 kV, while the grid voltage was
maintained at 65.5%. The delay time was 150 ns, and
laser fluence was attenuated to just above the threshold
of ionization, which varied between matrices and prep-
arations. The laser was fired at a frequency of 3 Hz, and
spectra were accumulated in multiples of 25 laser shots,
with 150 shots in total. Postacquisition processing of
data were performed utilizing Data Explorer V4.0 soft-
ware supplied by Applied Biosystems.
Results and Discussion
Several different sample preparation protocols were
evaluated; DHB in MeOH (DHB1), DHB in H2O/MeCN
(DHB2), DHB2  NaOAc, IXB  DHB2, IXB  DHB1 
TFA, THAP/DAC, and DHB/DAC. These strategies
were based on existing methods that have proven
useful for similar systems. Synthetic polymers are often
ionized by cationization. The doping of sample prepa-
rations with metal salts to achieve more homogeneous
cationization, rather than relying on ubiquitous impu-
rities, has become common practice [10]. The THAP/
DAC preparation is used for low molecular weight
oligonucleotides, with the NH4
 ions acting as a buffer
preventing replacement of acidic protons by metal ions
[11]. IXB have been used previously for the character-
ization of polymeric acids by negative ion mode
MALDI-TOFMS [12]. TFA was also added to promote
the acid form of the pendant groups, before ionization.
The data acquired in positive ion mode will be consid-
ered first and is presented in Figure 2.
The observed distributions are very similar for all
preparations, except when NaOAc was added, and for
DHB/DAC where no polymeric series were observed.
In general, two polymeric series were clearly observed
and both are isotopically resolved. Average molecular
Figure 1. Structure of PTMP-PMAA polymer.weight values obtained for the spectra are consistentlyslightly lower that those obtained by GPC (Mn  1500 g
mol1), which may be due to the type of standard used
to calibrate the GPC. The major series corresponds to
the [M  Na] species, while the minor series is
mass-shifted by 16 Da, which could correspond to
either the [M  K] species or the [M  Na] species of
an oxidation product. Accurate mass measurement
would be required to differentiate between these iso-
baric species. There were possibly two more series, but
these were barely distinguishable from the background
noise.
The observed isotope distributions of each species
for both series extend 1 and 2 Da lower than the
equivalent theoretical isotope distributions. The frac-
tional masses of these “additional” ions are identical to
the expected ions indicating two chemically similar
species are overlapping, which differ by a single point
of unsaturation. Disulphide bonds may form during the
analysis of peptides that contain thiol groups, or the
PTMP end group in this case. The observed polymeric
Figure 2. Positive ion MALDI-TOFMS data for PTMP-PMAA
acquired with (a) DHB1, (b) DHB2, (c) DHB2  NaOAc, (d) IXB 
DHB2, (e) IXB  DHB1  TFA, and (f) THAP/DAC sample
preparation protocols.
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ties of the 12C-isotope for the expected and “additional”
species remain approximately constant across the dis-
tribution, which both signify possible disulphide bonds
would be intramolecular.
The use of IXB appears to have some benefit in
improving the signal-to-noise ratio, but it is interesting
that the major series observed is still [M  Na]. Good
quality data were achieved with a significantly lower
laser power compared with preparations without IXB.
Little difference was observed between the spectra
acquired with the DHB1 and DHB2 preparation meth-
ods. The addition of TFA was intended to promote
protonation, which succeeded for low mass matrix or
impurity species, but resulted in a reduction of the
signal-to-noise ratio of the cationized polymer spe-
cies. This result is contradictory to earlier studies of
how pH affects the MALDI analysis of poly(methyl
methacrylate) [13].
The addition of NaOAc resulted in a very different
spectrum. The [M  Na] species continues to be the
major series. There were three minor series also ob-
served, which were successively mass-shifted by 22
Da. These series are likely to correlate to the [M  Na]
species for successive replacement of up to three acidic
protons by Na ions. There was a significant shift of the
distribution towards the lower mass region (Mn 
1200 g mol1), and discrimination against higher mass
species. Previous studies of cation attachment to polar
polymers cannot account for this observation [13, 14]. A
possible explanation is that the NaOAc interfered with
the ability of DHB to desorb the larger polymer chains,
leading to the equivalent of LDI spectrum, i.e., without
the use of a matrix.
The data acquired in negative ion mode is presented
in Figure 3. Again, no polymeric series were observed
with DHB/DAC. No significant shifts of the polymer
distribution or discrimination towards any mass region
were observed between different sample preparations,
and average molecular weight values were consistent
with those obtained in positive ion mode. However,
there were considerable differences in the relative in-
tensities of the species observed. The major series in all
the spectra were the [M  H] species. There were at
least four minor series observed; two series are mass-
shifted by 22 and 38 Da from the major series and
are likely to correspond to the [M  2H  Na] and
[M  2H  K] species. Another series could corre-
spond to the loss of H2O, but these species are not of
sufficient intensity to confirm this assignment. Other
series were observed clearly with the DHB2 and IXB 
DHB1 TFA protocols, mass-shifted by30 or56 Da,
and with the IXBDHB2 protocol, mass-shifted by34
or 52 Da, but their origins are ambiguous.
The use of IXB appears to enhance deprotonation
and/or suppress replacement of acidic protons by
metal ions, increasing the signal-to-noise ratio of the
major series. Again, good quality data were achieved
with a significantly lower laser power compared withpreparations without IXB. There is possibly a slight
further enhancement and/or suppression when TFA is
added, but the most significant increase in signal-to-
noise ratio was observed when the THAP/DAC
method was used. This benefit must be balanced
against the loss of potentially useful information of
other species within the sample. The ions in each series
were isotopically resolved and the “additional” ions
observed 1 and 2 Da lower than the equivalent theoret-
ical isotope distributions in positive ion mode were also
observed. There is increased confidence that these “ad-
ditional” ions are not artifacts, even if they are a
product of the MALDI-TOFMS process.
Conclusions
The study of several aqueous-based sample preparation
methods for PMAA has resulted in significant improve-
ments in the quality of MALDI-TOFMS data. Greater
signal-to-noise ratios were observed in both positive
and negative ion modes when treating the sample
solution with IXB, before mixing with the matrix. The
[M  Na] species was the major series observed in
positive ion mode, even when IXB were used, and the
performance of DHB and THAP matrices was compa-
rable. The addition of NaOAc or TFA proved disadvan-
tageous in positive ion mode. Varying the concentration
of metal salts added to a preparation is a possible
avenue for further study. The major series in negative
ion mode corresponded to the [M  H] species, and
Figure 3. Negative ion MALDI-TOFMS data for PTMP-PMAA
acquired with (a) DHB2, (b) IXB  DHB2, (c) IXB  DHB1  TFA,
and (d) THAP/DAC sample preparation protocols.the THAP/DAC preparation produced significantly
1510 WYATT ET AL. J Am Soc Mass Spectrom 2007, 18, 1507–1510greater ion intensities than DHB. Maximum informa-
tion can be gained by obtaining data in both positive
and negative ion modes. These methods should prove
to be widely applicable to polyacidic analytes.
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